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contains a RING finger, and PAR-5 is a member of the
14-3-3 family of phosphoserine binding proteins, but
the functions of these PAR proteins in this process is
Richard Benton, Isabel M. Palacios,
and Daniel St Johnston1
The Wellcome Trust/Cancer Research UK Institute
unknown (Levitan et al., 1994; Guo and Kemphues, 1995;and Department of Genetics
Watts et al., 2000; Morton et al., 2002). PAR-3 and PAR-6University of Cambridge
are PDZ domain-containing proteins that are thought toCambridge, CB2 1QR
form a ternary complex with PKC-3, an atypical proteinUnited Kingdom
kinase C (aPKC) (Etemad-Moghadam et al., 1995; Ta-
buse et al., 1998; Hung and Kemphues, 1999). PAR-6
can also bind the small GTPase CDC-42, so these PARSummary
proteins may link activation of CDC-42 to the regulation
of PKC-3 (Gotta et al., 2001). The PAR-3/PAR-6/PKC-3PAR-1 kinases are required to determine the anterior-
complex is localized along the anterior cortex of theposterior (A-P) axis in C. elegans and Drosophila, but
zygote; thus, asymmetry in PKC-3 activity within thislittle is known about their molecular function. We iden-
cell could direct cytoskeletal polarization. How this com-tified 14-3-3 proteins as Drosophila PAR-1 interactors
plex is restricted to the anterior in response to spermand show that PAR-1 binds a domain of 14-3-3 distinct
entry at the posterior is unknown, but it depends uponfrom the phosphoserine binding pocket. PAR-1 ki-
the function of PAR-2, which localizes to a complemen-nases phosphorylate proteins to generate 14-3-3 bind-
tary cortical domain around the posterior, and PAR-5,ing sites and may therefore directly deliver 14-3-3 to
which is distributed uniformly (Boyd et al., 1996; Mortonthese targets. 14-3-3 mutants display identical pheno-
et al., 2002). PAR-1 also concentrates along the poste-types to par-1 mutants in oocyte determination and
rior cortex but is not essential for the localization ofthe polarization of the A-P axis. Together, these results
the PAR-3/PAR-6/PKC-3 complex (Guo and Kemphues,indicate that PAR-1’s function is mediated by the bind-
1995).ing of 14-3-3 to its substrates. The C. elegans 14-3-3
The functions of PAR-3, PAR-6, and PKC-3 appear toprotein, PAR-5, is also required for A-P polarization,
be conserved in other polarized cells. In Drosophila,suggesting that this is a conserved mechanism by
homologs of these proteins (Bazooka [BAZ], PAR-6, andwhich PAR-1 establishes cellular asymmetries.
aPKC) colocalize at the apical side of epithelial cells
and neuroblasts, and are essential for the apical-basalIntroduction
asymmetries of both of these cell types (Kuchinke et
al., 1998; Wodarz et al., 2000; Petronczki and Knoblich,Polarity is a fundamental property of most, if not all,
2001). The mammalian homologs (ASIP, mPAR-6, andeukaryotic cells and is essential for both the generation
aPKC) form a complex that localizes to tight junctionsof diverse cell types through asymmetric divisions and
in cultured epithelial cells and is implicated in the forma-the correct physiological function of differentiated cells.
tion of these junctions and the specification of distinctOne of the classic systems for studying this process
apical and basolateral membrane domains (Izumi et al.,is the establishment of anterior-posterior (A-P) polarity
1998; Joberty et al., 2000; Lin et al., 2000; Suzuki etwithin the single cell C. elegans zygote (reviewed by
al., 2001). Thus, although the downstream effectors areRose and Kemphues, 1998). Entry of the sperm into the
unknown in any system, this complex appears to func-unpolarized egg provides the spatial cue, defining the
tion as a conserved cassette involved in generating
posterior pole of the embryo. This event triggers a cy-
asymmetries in many different types of cell (Ohno, 2001).
toskeletal reorganization, evident as both the migration
PAR-1 kinases are also implicated in regulating cell
of actin foci toward the anterior pole and the posterior polarity in other organisms. For example, deletion of a
displacement of the mitotic spindle. The rearrangement S. pombe homolog, kin1, causes these cells to lose their
of the actin cytoskeleton generates cytoplasmic flows normal rod shape and to grow as spheres (Levin and
that are at least partly responsible for moving P granules, Bishop, 1990). A mammalian homolog, EMK, localizes
which are thought to contain germline determinants, to asymmetrically along the basolateral domain of cultured
the posterior pole. As a consequence of these asymmet- epithelial cells, and expression of a dominant-negative
ries, the division of this cell gives rise to daughters that form of EMK disrupts the apical-basal polarity of these
differ in size, developmental potential, and spindle orien- cells (Bo¨hm et al., 1997).
tation, initiating a series of cell polarization events that The most striking parallel to the role of C. elegans
result in the correct specification and placement of all PAR-1 is the requirement for the Drosophila homolog in
the cells along the body axes of the adult worm. the polarization of the A-P axis within the oocyte (Shul-
Maternal-effect lethal genetic screens have identified man et al., 2000; Tomancak et al., 2000). The oocyte
six par (partitioning defective) genes that are essential develops within a cyst of 16 germline cells, which is
for establishing A-P polarity in C. elegans (Kemphues surrounded by a monolayer of somatic follicle cells (re-
et al., 1988; Watts et al., 1996; Morton et al., 2002). viewed by Riechmann and Ephrussi, 2001). The differen-
PAR-1 and PAR-4 are serine/threonine kinases, PAR-2 tiation of the oocyte from its 15 siblings requires the
localization of specific factors to one cell in the cyst.
These factors initially accumulate at the anterior of this1Correspondence: ds139@mole.bio.cam.ac.uk
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Figure 1. Identification of 14-3-3 Proteins as PAR-1 Interactors
(A) Schematic of the PAR-1(N1L) isoform (UBA, ubiquitin-associated domain), the two-hybrid screen bait, and results of the screen.
(B) C. elegans PAR-5 and PAR-1 (kinase/UBA domains) interact in a direct two-hybrid test. Yeast strains were grown on plates selecting for
expression of the HIS3 reporter.
(C) Upper panel, interaction of in vitro synthesized 35S-Met-labeled PAR-1 with maltose binding protein (MBP):14-3-3 fusion proteins on
amylose beads. The left-hand lane was loaded with 25% of the labeled PAR-1 added to each binding assay. Lower panel, after autoradiography,
the gel was stained with Coomassie to visualize the MBP fusion proteins.
(D) Schematic of subfragments used to map the 14-3-3 binding site.
cell but then undergo a polarized movement to the pos- MT network with minus ends concentrated anteriorly
and plus ends focused on the posterior pole (Theurkaufterior cortex (Huynh et al., 2001). This anterior-to-poste-
rior translocation appears to depend upon the formation et al., 1992; Clark et al., 1994; Cha et al., 2001). This
array directs the localization of bicoid (bcd) and oskarof a microtubule-organizing center (MTOC) at the poste-
rior of this cell and is essential for its stable determina- (osk) mRNAs to opposite poles of the oocyte, establish-
ing the A-P axis (St Johnston et al., 1989; Ephrussi et al.,tion as the oocyte (Theurkauf et al., 1993). Later in devel-
opment, the oocyte undergoes a repolarization in 1991; Kim-Ha et al., 1991; Pokrywka and Stephenson,
1995). The localization of osk mRNA, with the RNA bind-response to a signal from a group of follicle cells overly-
ing the oocyte posterior (Gonzalez-Reyes et al., 1995; ing protein Staufen (STAU), to the posterior defines this
as the site of pole plasm assembly, which contains theRoth et al., 1995). This signal induces the reorganization
of the oocyte microtubule (MT) cytoskeleton by stimulat- germline and abdominal determinants (St Johnston et
al., 1991; Ephrussi and Lehmann, 1992).ing the disassembly of the original posterior MTOC. Si-
multaneously, a new MTOC is established along the PAR-1 is essential for both of these oocyte polariza-
tion events. In the complete absence of par-1, the earlyanterior cortex, resulting in the formation of a polarized
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anterior-to-posterior movement of oocyte-specific fac- contrasts with the interaction of 14-3-3 with other ki-
nases, such as Raf and Wee1, in which 14-3-3 recog-tors does not occur, resulting in a failure in oocyte deter-
mination (Huynh et al., 2001). In hypomorphic par-1 mu- nizes a phosphoserine-containing motif lying outside
the catalytic domain (Muslin et al., 1996; Wang et al.,tants, this early polarization occurs normally and oocytes
are correctly specified, but the subsequent repolarization 2000). This interaction with PAR-1 is kinase specific, as
14-3-3 does not bind to the catalytic domains of PKAto define the A-P axis is aberrant (Shulman et al., 2000;
Tomancak et al., 2000). In such mutants, the MT plus or aPKC (data not shown).
ends appear to be focused on the center of the oocyte
rather than the posterior. As a result, osk mRNA and PAR-1 Binds to a Novel Interaction Interface
STAU are misdirected to an ectopic dot in the middle of of 14-3-3 Proteins
the oocyte, with consequent defects in both abdominal We next determined the region of 14-3-3 that interacts
patterning and germline specification. Like its nematode with PAR-1 using the molecular information of three
counterpart, PAR-1 is localized to the posterior pole missense alleles of 14-3-3 (Chang and Rubin, 1997).
of the oocyte. This localization is dependent upon osk These alleles were isolated as suppressors of activated
mRNA and therefore occurs after the requirement for Ras or Raf and impair the function of 14-3-3 in Ras/Raf/
PAR-1 in establishing oocyte polarity. MAPK signaling. One mutation, E183K, lies within the
In addition to this conserved function in establishing phosphoserine binding pocket and affects a residue that
polarity, PAR-1 kinases have been implicated in a num- directly contacts phosphoserine-peptide ligands (Figure
ber of other cellular processes. These include regulation 2A) (Rittinger et al., 1999). The others, F199Y and Y214F,
of Ras/MAPK signal transduction through the phosphor- are both located outside this pocket in a hydrophobic
ylation of kinase suppressor of Ras (KSR), the control region of unknown function. We introduced each of
of MT stability through the phosphorylation of Tau-fam- these three mutations into a 14-3-3 prey clone and
ily MT-associated proteins (MAPs), and the regulation tested their effects on the intermolecular interactions of
of Wingless signal transduction through the phosphory- 14-3-3.
lation of Dishevelled (Drewes et al., 1997; Mu¨ller et al., As 14-3-3 proteins function as dimers, we first exam-
2001; Sun et al., 2001). The diverse nature of these sub- ined whether these mutations influenced this property
strates does not suggest any common mechanistic link of 14-3-3. 14-3-3 can form both homodimers and het-
between PAR-1 function in these processes, and it is erodimers with LEO, and none of these mutations signifi-
unknown whether they relate to its role in establishing cantly affected these interactions (Figure 2B). This is
cell polarity. consistent with the location of these mutations in re-
gions distinct from the dimerization interface and indi-
cates that global protein structure and stability are notResults
affected. We also tested the interactions of these mutant
proteins with a domain of Drosophila Raf that containsIdentification of Drosophila 14-3-3 Proteins
a conserved 14-3-3-recognition motif (R740SApSEP745)as PAR-1 Kinase Interactors
(Baek et al., 1996; Muslin et al., 1996). Raf binds to bothPAR-1 contains three conserved domains: centrally-
Drosophila 14-3-3 isoforms, and the interaction with 14-located kinase and ubiquitin-associated (UBA) domains,
3-3 is completely abolished by the E183K mutation, butand a C-terminal domain of unknown function. As the
not by the F199Y and Y214F mutations, as expected forC-terminal domain is dispensable for PAR-1 function in
an association via the phosphoserine binding pocketthe germline (Shulman et al., 2000; Huynh et al., 2001),
(Figure 2C).we performed a yeast two-hybrid screen using a bait
These mutations have opposite effects upon the inter-containing the kinase and UBA domains (Figure 1A). The
action with PAR-1: E183K does not impair binding,largest class of preys, representing over 25% of the
whereas the other mutations either result in a severerecovered clones, corresponded to the two Drosophila
(F199Y) or a more modest (Y214F) reduction in the14-3-3 proteins, 14-3-3 and 14-3-3/Leonardo (LEO)
strength of this interaction (Figure 2D). These results(Skoulakis and Davis, 1996; Chang and Rubin, 1997).
indicate that 14-3-3 does not bind PAR-1 via its phos-These interactors represent the Drosophila homologs
phoserine binding pocket, consistent with the lack ofof C. elegans PAR-5, and this interaction appears to be
canonical binding motifs in PAR-1. The interaction in-conserved, as PAR-5 can bind to a fragment of C. ele-
stead appears to be mediated by a novel interface ongans PAR-1 equivalent to the screen bait (Figure 1B).
the external surface of the 14-3-3 molecule. As the F199To confirm this interaction by an independent assay,
and Y214 residues are conserved in 99% of 14-3-3 se-we incubated in vitro-synthesized, labeled full-length
quences, this interface is likely to exist in all isoforms.Drosophila PAR-1 with bacterially expressed maltose
binding protein (MBP)-tagged 14-3-3 proteins bound
to amylose beads. Beads containing MBP:14-3-3 fusion PAR-1 Kinases Phosphorylate 14-3-3 Binding Sites
As binding of PAR-1 to 14-3-3 should leave the phospho-proteins, but not MBP alone, efficiently precipitate PAR-1,
indicating that this interaction is direct (Figure 1C). serine binding pocket vacant, and PAR-1 is a serine/
threonine kinase, we reasoned that PAR-1 might be in-14-3-3 proteins regulate the activity or subcellular
localization of a diverse set of proteins, including sev- volved in regulating the phosphorylation-dependent in-
teractions of 14-3-3 with other proteins. We thereforeeral protein kinases, by binding in a phosphorylation-
dependent manner to conserved motifs (RSXpSXP or tested whether PAR-1 could phosphorylate proteins to
generate the phosphoserine epitope recognized by 14-RX1-2pSX2-3pS) (Fu et al., 2000). Using the yeast two-
hybrid system, we found that 14-3-3 appears to associ- 3-3. Using either immunoprecipitated or bacterially ex-
pressed PAR-1, we observed efficient phosphorylationate with the kinase domain of PAR-1 (Figure 1D). This
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Figure 3. PAR-1 Can Phosphorylate a 14-3-3 Binding Site
In vitro kinase assay using -GFP immunoprecipitates from wild-
type or GFP:PAR-1-expressing ovarian extracts incubated with MBP
fusions of wild-type or mutant Raf C termini. Lower panel, after
autoradiography, the gel was stained with Coomassie to verify that
each reaction contained equal amounts of substrate.
of the 14-3-3-interacting portion of Raf (Figure 3 and
data not shown). Phosphorylation of Ser743, or the
equivalent residue in Raf homologs, is essential for 14-
3-3 binding and for Raf function in vivo (Baek et al.,
1996; Muslin et al., 1996). We therefore mutated this
residue to alanine and found that this completely abol-
ishes the phosphorylation by PAR-1, indicating that
PAR-1 specifically phosphorylates Raf to generate a 14-
3-3 binding site. This activity of PAR-1 does not require
the presence of 14-3-3, and addition of 14-3-3 to this
assay does not detectably affect Raf phosphorylation
(data not shown). A mammalian PAR-1 homolog,
C-TAK1, is able to phosphorylate proteins such as KSR
and Cdc25C within 14-3-3 binding sites, suggesting that
this specificity is a conserved property of this kinase
family (Peng et al., 1998; Mu¨ller et al., 2001).
14-3-3 Proteins Function with PAR-1
in Oocyte Determination
To test whether 14-3-3 proteins are involved in par-
1-dependent processes in vivo, we analyzed loss-of-
function mutations in 14-3-3 and leo. Surprisingly, flies
homozygous for a protein null allele of 14-3-3 (14-3-
Figure 2. PAR-1 Binds to a Novel Interface in 14-3-3 Proteins 3j2B10) are viable (Chang and Rubin, 1997). However,
(A) Cartoon representation of a bovine 14-3-3 dimer (Liu et al., females lay very few eggs, which fail to hatch. Most
1995), with the residues equivalent to those affected in 14-3-3 egg chambers from these females lack differentiated
missense alleles highlighted in green.
oocytes, as revealed by DNA staining, which distin-(B–D) Yeast two-hybrid liquid -galactosidase assays using 14-3-
guishes the oocyte karyosome from the 15 polyploid3 (B), Raf C terminus (amino acids 419–788) (C), and PAR-1 (D)
nurse cells (Figures 4A and 4B). An identical phenotypebaits, and preys as indicated beneath each graph. E183K, F199Y,
and Y214F are mutant versions of the 14-3-3 prey. Activity units is observed in ovaries from flies containing this allele
(/ standard deviation) are arbitrary. The F199Y mutation does over a deficiency, indicating that the phenotype is spe-
not completely abolish interaction with PAR-1, as this strain can cific for this locus. To determine where 14-3-3 is re-
still grow, albeit very slowly, on plates selecting for the HIS3 reporter quired, we generated clones of this allele in either the
(data not shown).
germline or somatic follicle cells. Defects in oocyte dif-
ferentiation were only observed in germline clones (Fig-
ure 4H); thus, like PAR-1, 14-3-3 is required in the germ-
line for oocyte differentiation.
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Oocyte determination depends on the MT-dependent
transport of specific factors, such as Orb and the germ
cell centrosomes, to one cell in the cyst (Theurkauf et
al., 1993). These factors initially concentrate at the ante-
rior of this cell but subsequently translocate around the
nucleus and concentrate along the posterior cortex. This
second step appears to require the establishment of a
diffuse MTOC along the posterior of the cell and is es-
sential for its stable determination as the oocyte (Huynh
et al., 2001). The formation of this MTOC can be visual-
ized using an antibody to Minispindles (MSPS), a MAP
that localizes to sites of MT nucleation (Cullen et al.,
1999). In wild-type egg chambers, MSPS accumulates
along the posterior cortex (Figure 4C). This accumulation
is undetectable in 14-3-3 mutants, indicating that the
MTOC has failed to form (Figure 4D). Orb and the centro-
somes therefore do not undergo the anterior-to-poste-
rior movement (Figures 4E–4H) and eventually diffuse
away as this cell exits meiosis and adopts a nurse cell
fate (Figure 4B and data not shown). These phenotypes
are indistinguishable from those of par-1 null mutant
cysts (Huynh et al., 2001), indicating that 14-3-3 and
PAR-1 function together in this specific step of oocyte
determination.
In contrast to 14-3-3 mutants, germline clones of a
strong lethal allele of leo (leoP1188) display no defects in
this process. As the 14-3-3 phenotype is incompletely
penetrant (80%, n  106), we tested whether 14-3-3
proteins have partially redundant functions in the germ-
line. Removal of one copy of leo in 14-3-3mutant clones
results in a fully penetrant defect in oocyte determination
(Figure 4I). Furthermore, removal of one copy of 14-3-
3 in leo mutant cysts uncovers an important contribu-
tion of leo in this process, as 84% (n  100) of these
cysts display defects in Orb localization. Thus, although
14-3-3 has the predominant function in oocyte determi-
nation, LEO can partially compensate in its absence.
14-3-3 Proteins Colocalize with PAR-1
in the Germline
We used polyclonal antibodies against 14-3-3 and LEO
to examine their localization in the germline. These anti-
bodies are specific, as they do not stain tissue mutant
for the corresponding isoform (data not shown). 14-3-
3 is highly expressed in the dividing germline cells in the
germarium, and colocalizes with PAR-1 on the fusome, a
membranous structure that branches into each germ
cell during the early germ cell divisions (Figure 5A) (Lin
et al., 1994). The asymmetric partitioning of the fusome
Figure 4. 14-3-3 Proteins Are Required for Oocyte Determination
during these divisions results in one cell always inher-
(A) Wild-type stage 4 egg chamber stained for DNA (green) and iting more fusome material, which may provide an initialactin (red), containing a germline cyst, comprising 15 nurse cells
cue to specify this cell as the oocyte (Lin et al., 1994;and a posterior oocyte, surrounded by a monolayer of somatic folli-
cle cells. Anterior is to the left. The oocyte is enriched for cortical
actin and contains compacted DNA within the karyosome (arrow),
in contrast to the polyploid nurse cells.
(B) Egg chamber from homozygous 14-3-3 j2B10 mutant female mutant (F) egg chambers. Orb accumulates in one cell in 14-3-3
stained as in (A). Although one of the germline cells with four ring mutants but fails to translocate to the posterior.
canals (arrowheads) should differentiate as an oocyte (de Cuevas (G and H) -tubulin staining (red) in wild-type, nonclonal cyst (G)
et al., 1997), both have adopted the nurse cell fate. and a 14-3-3 j2B10 germline clone (H), marked by lack of nuclear GFP.
(C) Wild-type stage 2 egg chamber, stained for MSPS which marks The germ cell centrosomes accumulate at the posterior of the oocyte
the posterior MTOC. in wild-type cysts (arrowhead) but remain at the anterior in 14-3-
(D) 14-3-3 j2B10 homozygous mutant egg chamber, stained for MSPS, 3 j2B10 mutant cysts.
in which this MTOC is absent. (I) Penetrance of the oocyte determination defects in different 14-
(E and F) Orb staining in wild-type (E) and 14-3-3 j2B10/Df(3R)P14 3-3 and leo mutant combinations.
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Figure 5. 14-3-3 Proteins Colocalize with PAR-1
(A) Colocalization of 14-3-3 and (A’) GFP:PAR-1(N1S) on the early fusome. (A”) Merged images. (B) Colocalization of 14-3-3with (B’) GFP:PAR-
1(N1S) at ring canals. (B”) Merged images. The intense staining in the oocyte nucleus appears to be artifactual, as it is observed with Texas
Red- but not FITC-conjugated secondary antibodies. (C) 14-3-3 is detected in the oocyte cytoplasm but does not accumulate at the posterior
pole like (C’) GFP:PAR-1(N1S). (C”) Merged images. (D and E) FRT 14-3-3 j2B10 /FRT GFP;leoP1188/ egg chambers stained for PAR-1 (red).
Cysts lacking GFP (marked by white dots in [D]) (i.e., homozygous for 14-3-3 j2B10 and heterozygous for leoP1188) display a fully penetrant defect
in oocyte determination, but PAR-1 still localizes to the fusome (D) and the ring canals (E). (F) Genotype as in (D), stained for BAZ, whose
localization to circles around ring canals is not affected in mutant clones (arrowheads).
Lin and Spradling, 1995). The colocalization of PAR-1 PAR-3 homolog BAZ cause similar phenotypes in oocyte
and 14-3-3 on the fusome may therefore represent a determination as par-1 and 14-3-3 mutants (Cox et al.,
mechanism to concentrate these proteins in the future 2001; Huynh et al., 2001). However, BAZ concentrates
oocyte. at distinct sites in the germarium, in circles around each
At later stages, 14-3-3 colocalizes with PAR-1 at the ring canal that also contain components of adherens
ring canals, which interconnect the germline cells in junctions, and this localization is not detectably affected
each cyst (Figure 5B). 14-3-3 can be detected in the in 14-3-3 mutants (Figure 5F).
cytoplasm and around the cortex of the oocyte but, The high early cytoplasmic concentration of 14-3-3 has
unlike PAR-1, does not accumulate at the posterior pole prevented us from determining conclusively whether the
(Figure 5C). LEO is also expressed in the germline and fusome localization of 14-3-3 is PAR-1 dependent.
displays a similar localization to ring canals, but is ex- However, 14-3-3 is detectable at ring canals in cysts
pressed at very low levels in the germarium (data not homozygous for a par-1 null allele (data not shown).
shown).
While the fusome and ring canals may represent sites
14-3-3 Proteins Are Requiredof physical and functional association of PAR-1 with
for Oocyte Polarization14-3-3, its localization to these sites is not affected in
To determine if 14-3-3 proteins also function with PAR-114-3-3 mutants, indicating that 14-3-3 binding does not
in the repolarization of the oocyte to define the A-P axis,simply act to target PAR-1 to these subcellular destina-
tions (Figures 5D and 5E). Mutations in the Drosophila we examined the distribution of osk mRNA and STAU in
14-3-3 Mediates PAR-1 Function in Axis Formation
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Figure 6. 14-3-3 Proteins Are Required for
Oocyte A-P Polarization
(A–C) Localization of STAU in a wild-type
stage 10 oocyte (A), an oocyte from 14-3-
3 j2B10/Df(3R)P14 mutant female (B), and a 14-
3-3 j2B10 germline clone (C).
(D–F) osk mRNA localization in a wild-type
oocyte (D) and 14-3-3 j2B10 germline clones (E
and F).
(G–I) bcd mRNA localization in wild-type
(G), 14-3-3 j2B10 germline clone (H), and
par-1l(2)k06323/par-1W3 (I) oocytes.
(J) Penetrance of the oocyte polarization de-
fects in 14-3-3j2B10 and par-1 genetic combi-
nations (left-hand side) and 14-3-3 mutant
combinations (right-hand side).
late-stage egg chambers recovered from homozygous mutants (Figure 6I). These are more pronounced at
stages 8–9 than at stage 10, which might reflect a partialand hemizygous 14-3-3j2B10 females, and in germline
clones of this allele. These mutants display a partially recovery in bcd mRNA localization to the anterior be-
tween these stages or the diffusion of the mRNA awaypenetrant phenotype (31%, n 195), in which osk mRNA
and STAU accumulate in dots in the middle of the oocyte from the lateral and posterior cortices due to a failure
in anchoring. Other mutants that affect the localization(Figures 6A–6F). Twenty seven percent of egg chambers
display both ectopic and posterior accumulation of osk of bcd and osk mRNAs, such as gurken, also disrupt the
migration of the oocyte nucleus to the dorsal-anteriormRNA/STAU (Figures 6B and 6E), and four percent con-
tain only mislocalized dots (Figures 6C and 6F). These corner (Gonzalez-Reyes et al., 1995; Roth et al., 1995).
As in par-1 mutants, however, oocyte nucleus migrationdefects are very similar to those of hypomorphic par-1
mutants and can be strongly enhanced by removal of appears to be unaffected in 14-3-3 j2B10 mutants (100%
wild-type, n  54) (data not shown).one copy of par-1 (Figure 6J).
Although most bcd mRNA localizes normally to the Oocytes that are homozygous for leoP1188 do not dis-
play polarity defects. However, we again observe stronganterior cortex in 14-3-3 mutants, a small proportion
is mislocalized along the lateral cortex, and occasionally dominant genetic interactions between 14-3-3 mutants
(Figure 6J). Thus, these isoforms also function partiallyat the posterior (Figures 6G and 6H). In contrast to our
previous observations (Shulman et al., 2000), we also redundantly in this process.
To gain insights into the basis for the defects in mRNAobserve such defects in bcd mRNA distribution in par-1
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104) and polarization (90%, n  134). The penetrance
of the latter is almost three times that observed with
the protein null allele, indicating that the E183K mutant
protein functions as a dominant negative, presumably
through the formation of nonfunctional heterodimers
with LEO. Thus, the interaction of 14-3-3 dimers with
phosphorylated targets is critical for its function in the
germline.
14-3-3F199Y mutant egg chambers do not exhibit sig-
nificant defects in oocyte determination or polarization,
consistent with previous reports that this allele only dis-
plays phenotypes under genetically sensitized condi-
tions (Chang and Rubin, 1997). In the absence of leo,
however, this allele has a dominant phenotype, with
11% (n  187) of leoP1188;14-3-3F199Y/ egg chambers
displaying defects in oocyte determination. Thus, the
PAR-1 interaction interface is also important for 14-3-3
function.
Discussion
PAR-1 kinases have long been known to be important
regulators of cell polarization in yeast, worms, flies, and
Figure 7. 14-3-3 Is Required for the Correct Organization of the mammals, but little is known about how they act. Here
Oocyte MTs
we show that the two Drosophila 14-3-3 proteins bind
(A and B) Kin:-gal localization in wild-type (A) and 14-3-3 j2B10 mu-
to PAR-1 in yeast and in vitro, and colocalize with it intant (B) oocytes.
vivo. Furthermore, loss-of-function mutations in 14-3-3(C and D) FITC--tubulin staining of wild-type (C) and 14-3-3 j2B10
cause identical phenotypes to par-1 mutants in both thegermline clone (D) oocytes.
initial polarization of the oocyte and the repolarization
that defines the A-P axis. These results indicate that
14-3-3 functions as an essential cofactor for PAR-1 inlocalization, we analyzed the organization of the MT
the generation of polarity.cytoskeleton, using a MT plus end marker, Kin:-gal
(Clark et al., 1994). This marker accumulates at the pos-
terior pole in wild-type oocytes, suggesting that the ma- Conserved Roles for PAR-1 and 14-3-3
in C. elegans and Drosophilajority of MT plus ends are focused on this site (Figure
7A). In contrast, Kin:-gal concentrates in the center of Given the diverse roles of 14-3-3 proteins, it is very
surprising that the only essential requirement for 14-3-314-3-3 mutant oocytes (Figure 7B), indicating that MT
plus ends are focused incorrectly, and providing an ex- is in PAR-1-dependent polarization events in the Dro-
sophila germline. A similar dedication of 14-3-3 functionplanation for the defects in osk mRNA/STAU distribu-
tion. We also directly analyzed the organization of oo- may exist in C. elegans, where animals homozygous for
hypomorphic mutations in the 14-3-3 isoform encodedcyte MTs using both a FITC-conjugated anti--tubulin
antibody and a Tau:GFP reporter of MT distribution in by par-5 are viable but give rise to progeny with highly
penetrant defects in the polarization of the A-P axisliving egg chambers (Micklem et al., 1997). In contrast
to the wild-type anterior-to-posterior gradient of MTs, (Morton et al., 2002). Indeed, the discovery that 14-3-3
is required for the initial polarization of the oocyte in the14-3-3 mutants show a uniform distribution of MTs
around the oocyte cortex, with the lowest density of germarium reveals a remarkable homology between the
generation of the first A-P asymmetries in flies andMTs in the center (Figures 7C and 7D and data not
shown). These defects in MT organization are indistin- worms. Mutations in 14-3-3 give a very specific defect
in oocyte determination, in which the oocyte is initiallyguishable from those of par-1 mutants (Shulman et al.,
2000). specified correctly but fails to establish a posterior
MTOC and to translocate oocyte-specific factors fromThe combination of phenotypes in osk and bcd mRNA
localization and MT organization is, thus far, unique to the anterior to the posterior cortex. This phenotype is
identical to that of par-1 null mutants (Huynh et al.,par-1 and 14-3-3 mutants, and strongly suggests that
they function together in the polarization of the A-P axis. 2001b), and the colocalization of PAR-1 and 14-3-3 on
the fusome supports the idea that they function together
in this process.14-3-3 Interaction Domains Are Important In Vivo
To determine the importance of the 14-3-3 protein inter- The BAZ/PAR-6/aPKC complex is also required for
this step of oocyte determination but localizes to a dis-action domains in vivo, we also characterized the pheno-
types of the 14-3-3 missense alleles, 14-3-3F199Y and tinct site in the germarium (Cox et al., 2001b; Huynh et
al., 2001a). Furthermore, it has recently been shown that14-3-3E183K. Neither mutation significantly affects the
level or localization of the protein, as assessed by immu- mutants in the Drosophila homolog of PAR-4 display
this phenotype (S. Martin and D.S.J., unpublished data).nostainings (data not shown). 14-3-3E183K displays pene-
trant defects in both oocyte determination (69%, n  Thus, this early polarization of the oocyte requires the
14-3-3 Mediates PAR-1 Function in Axis Formation
667
Drosophila homologs of five of the six par genes that The Role of PAR-1/14-3-3 in Oocyte Polarization
Although our results indicate that PAR-1 and 14-3-3mediate the A-P polarization of the C. elegans zygote.
The final gene, par-2, has no obvious homologs in other function together to polarize the oocyte at two stages
of oogenesis, the mechanisms by which they generateorganisms and may perform some function that is
unique to C. elegans. these polarities are unknown. The repolarization of the
oocyte at stage 7 principally affects the organization ofAlthough the full complement of PAR proteins is nec-
essary for the initial polarization of the Drosophila oocyte the MTs. The original posterior MTOC is disassembled,
and the MTs are reorganized to form an A-P gradient,in the germarium, the BAZ/PAR-6/aPKC complex does
not appear to be required for the repolarization of the in which most MTs appear to be nucleated from the
anterior cortex, with their plus ends extending towardoocyte at stage 7. In baz and par-6 null germline clones,
a few egg chambers escape the block in oocyte determi- the posterior pole. In 14-3-3 and par-1 mutants the MTs
are evenly distributed around the cortex, and a MT plusnation, and these complete oogenesis normally, dis-
playing no defects in the localization of STAU to the end marker and osk mRNA/STAU localize to the center
of the oocyte. These observations led us to proposeposterior (data not shown). Thus, the PAR-1/14-3-3
complex can function to polarize the oocyte indepen- that PAR-1 functions to recruit the plus ends to the
posterior (Shulman et al., 2000). Here we show that par-1dently of these other PAR proteins. PAR-1 also is re-
quired for the apical-basal polarity of the follicular epi- and 14-3-3 mutants also display mislocalization of bcd
mRNA around the cortex. Since this mRNA is believedthelium, and localizes to the basolateral domain in these
cells (Shulman et al., 2000; Cox et al., 2001a). It is inter- to be transported to the minus ends of MTs (Theurkauf
et al., 1992), this suggests that MTs are abnormally nu-esting to note that 14-3-3 concentrates basolaterally
in follicle cells (Figure 5B), raising the possibility that it cleated from all regions of the oocyte. Thus, PAR-1 and
14-3-3 may also contribute to the generation of the MTfunctions with PAR-1 in this process as well. The PAR-1/
14-3-3 complex may therefore represent a conserved gradient by specifically inhibiting MT nucleation along
the posterior and lateral cortices. The role of PAR-1 andpolarity “cassette” that plays an analogous role to the
BAZ/PAR-6/aPKC complex. This requirement is not uni- 14-3-3 in the initial polarization of the oocyte in the
germarium is also likely to involve MTs since their lossversal, however, because PAR-1 does not appear to
be necessary for the apical-basal polarization of the results in a failure in the formation of an MTOC at the
posterior of the cell. The mechanisms that control theneuroblasts (J. Kaltschmidt and R.B., unpublished data),
which depends upon BAZ, PAR-6, and aPKC (Kuchinke formation of this MTOC are not known, however, and it
is unclear whether PAR-1 and 14-3-3 function in theet al., 1998; Wodarz et al., 2000; Petronczki and
Knoblich, 2001). Thus, the two PAR protein complexes same way to polarize the oocyte at both stages.
may comprise distinct modules that can function either
together or separately to generate polarity in different A Model for 14-3-3 Function with PAR-1
contexts. 14-3-3 proteins regulate the activity of numerous cellular
While the common requirement for the PAR proteins proteins in a phosphorylation-dependent manner by
strongly suggests that the mechanisms that generate binding as dimers to phosphoserine/threonine-con-
the first A-P asymmetries are conserved between flies taining motifs. In many cases, this regulation involves
and worms, the regulatory relationships between these sequestration of the target protein in the cytoplasm. For
proteins are not conserved. The hierarchy of PAR protein example, 14-3-3 binding to the proapoptotic factor Bad
function in C. elegans has been inferred from the effects blocks its translocation to mitochondria (Zha et al.,
of mutants in each par gene on the localization of the 1996). 14-3-3 can also directly regulate the activity of
other PAR proteins. This analysis places PAR-5 at the its targets: the association of 14-3-3 with serotonin
top of the hierarchy because it is required for the anterior N-acetyltransferase, for example, enhances its ability to
localization of the PAR-3/PAR-6/PKC-3 complex and bind substrates (Obsil et al., 2001). The interaction of
the posterior localization of PAR-2 and PAR-1, whereas 14-3-3 with PAR-1 differs from these canonical 14-3-3/
PAR-1 lies at the bottom because par-1 mutants have target interactions in several respects. First, the binding
little effect on the asymmetric localization of other PAR of 14-3-3 does not appear to regulate PAR-1 activity,
proteins (Guo and Kemphues, 1995; Morton et al., 2002). since 14-3-3 mutants have no effect on PAR-1 localiza-
In contrast, in Drosophila, BAZ and PAR-1 are localized tion or stability in vivo, or on kinase activity in vitro
normally in 14-3-3 mutants. Furthermore, although the (Figures 5D and 5E and data not shown). Second, the
localization of members of the PAR-3/PAR-6/PKC-3 PAR-1 kinase domain lacks both of the well-defined 14-
complex are codependent in the C. elegans zygote, this 3-3 binding motifs, and interacts with a novel hydropho-
is not the case in the Drosophila oocyte, nor are they bic region that is distinct from the phosphoserine bind-
required for the localization of PAR-1 to the fusome (Cox ing pocket, which should therefore still be available to
et al., 2001b; Huynh et al., 2001a). The different positions bind to other proteins. Thus, 14-3-3 may act as a cofac-
of PAR-5 and PAR-1 in the C. elegans hierarchy indicate tor for PAR-1 by binding to proteins that are phosphory-
that PAR-5 functions independently of PAR-1 in the lo- lated by the kinase. In support of this, we have demon-
calization of the other PAR proteins, but this early re- strated that PAR-1 can specifically phosphorylate a
quirement makes it difficult to assess whether it is also 14-3-3 binding site in Raf.
necessary at other stages in the pathway. Our results These observations suggest a model in which PAR-1
in Drosophila and the observation that C. elegans PAR-5 has a dual role in regulating 14-3-3/target interactions,
and PAR-1 interact in yeast raise the possibility that first by generating the 14-3-3 binding phosphoepitope,
and second by directly delivering 14-3-3 to these sites.PAR-5 also functions downstream of PAR-1.
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Once 14-3-3 is bound to target proteins, its continued may have a similar function in germline specification,
through the regulation of P-granule stability, which doesassociation with PAR-1 would maintain the kinase in
close proximity to its substrate, which might ensure the not require PAR-5 (Kemphues et al., 1988; Morton et al.,
2002).stable maintenance of the phosphorylated state.
A major question is the nature of the target(s) of
PAR-1/14-3-3 that mediate their effects on cell polarity.A Common Mechanism for PAR-1 Kinase Function
These are unlikely to be any of the known PAR-1 sub-In addition to their role in establishing cell polarity,
strates, such as Dishevelled or Tau, since these arePAR-1 kinases have been implicated in a diverse range
not required for axis formation in Drosophila (R.B. andof other cellular processes. The closest mammalian ho-
D.S.J., unpublished data), but our results lead to themolog of PAR-1, C-TAK1, was initially purified as an
clear prediction that they will bind to 14-3-3 in a PAR-1-activity that phosphorylates Cdc25C on Ser216 (Peng
dependent manner.et al., 1998). The in vivo significance of this regulation
is unknown, but phosphorylation of this site by a distinct
Experimental Procedureskinase, Chk1, induces 14-3-3 binding, and this inhibits
Cdc25C as part of the DNA damage checkpoint (Peng
Molecular Biology
et al., 1997). C-TAK1 also phosphorylates KSR to pro- Standard protocols were followed using the vectors pBTM116 (Hol-
mote 14-3-3 binding, which sequesters KSR in the cyto- lenberg et al., 1995), modified by exchange of the Ampicillin marker
for a Kanamycin marker, pVP16 (Hollenberg et al., 1995), and pMALplasm and inhibits EGF signaling (Mu¨ller et al., 2001).
(New England Biolabs). Mutant PAR-1, 14-3-3, and Raf clones wereThese biochemical activities of C-TAK1 are consistent
generated by site-directed mutagenesis. Details of plasmid con-with our data in Drosophila showing that PAR-1 phos-
struction can be provided upon request.phorylates a 14-3-3 binding site in Raf, and that 14-3-3
mutants give identical phenotypes to par-1 mutants in Yeast Two-Hybrid Analysis
the germline. The ability to phosphorylate 14-3-3 binding Standard methods were used. The LexA:PAR-1 bait comprises the
sites may be a general property of PAR-1 kinases, which kinase and UBA domains and contains a point mutation (K282R)
predicted to abolish kinase activity, to enhance transient interac-accounts for the diversity of their functions.
tions with substrates (it did not influence the PAR-1/14-3-3 interac-Consistent with this, other PAR-1 substrates have
tion). For the screen, we used a random-primed 0–4 hr embryonicbeen shown to associate with 14-3-3 or contain con-
cDNA library in pVP16 (Poortinga et al., 1998) and yeast strain L40
served potential 14-3-3 recognition motifs. The verte- (Hollenberg et al., 1995). For liquid -galactosidase assays, each
brate PAR-1 homologs, MARK1 and MARK2, were iden- bait/prey combination was tested in triplicate, in at least two inde-
tified as kinases that phosphorylate Tau to inhibit its MT pendent experiments. 14-3-3 mutant proteins were expressed at
the same level, as judged by Western analysis.binding ability (Drewes et al., 1997). 14-3-3 interacts with
the MT binding domain of Tau and appears to compete
14-3-3 Structure Annotationwith tubulin for Tau binding (Hashiguchi et al., 2000).
The conservation of the primary sequences of 14-3-3 proteins per-MARK kinase regulation of Tau may therefore be medi-
mits the location of 14-3-3 mutations in the crystal structure of
ated through 14-3-3, which physically blocks the associ- other isoforms. Annotation of the bovine 14-3-3 crystal structure
ation of Tau with MTs. PAR-1 also phosphorylates the (PDB Accession 1A38) (Liu et al., 1995) was performed using the
Wingless pathway component Dishevelled (Sun et al., program RasMol.
2001). This phosphorylation has been mapped to a 30
In Vitro Binding Assayamino acid region of the protein, which contains a puta-
MBP:14-3-3 fusion proteins were expressed in E.coli strain BL21tive 14-3-3 recognition motif (amino acids 234–242:
and bound to Amylose Resin beads (New England Biolabs). Full-RTSSYSS) that is essential for its function in planar po-
length PAR-1(N1L) was synthesized and labeled with 35S-Met in vitro
larity (Penton et al., 2002). using the TnT Coupled Reticulocyte Lysate System (Promega), and
The intimate functional relationship between PAR-1 incubated with beads containing 5 	g of fusion protein in 200 	l
and 14-3-3 raises the possibility that this kinase might interaction buffer (25 mM HEPES, pH 7.5, 12.5 mM MgCl2, 20%
glycerol, 0.1% NP-40, 150 mM KCl, 1 mM DTT, 30 	g BSA) for 3 hrbe involved in regulating other processes involving 14-
at 4
C. Beads were rinsed five times in wash buffer (20 mM Tris, pH3-3 proteins. For example, our observation that PAR-1
8.0, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40). Bound proteinsphosphorylates Raf to generate a 14-3-3 binding site
were released by adding Laemmli sample buffer, and analyzed by
makes it a candidate for the unidentified kinase that SDS-PAGE and autoradiography. Assays were performed at least
regulates Raf in vivo (Kolch, 2000). In support of this, three times.
we have shown that the F199Y and Y214F mutations
in 14-3-3 that affect signaling through Raf, impair the In Vitro Kinase Assay
Ovarian extracts were prepared from w (control) flies or those ex-interaction of 14-3-3 with PAR-1.
pressing a GFP:par-1(N1S) transgene (Shulman et al., 2000) in homo-Although many of the activities of PAR-1 kinases may
genisation buffer (150 mM NaCl, 50 mM HEPES, pH 7.3, 0.5 mMbe mediated by inducing 14-3-3 binding, this is probably
DTT, 1 	M Microcystin-LR [Alexis Biochemicals], Complete Prote-
not the only mechanism by which they act. Drosophila ase Inhibitor cocktail [Roche]). GFP:PAR-1 was immunoprecipitated
PAR-1 has recently been proposed to have a third func- using an affinity-purified polyclonal anti-GFP antibody bound to
magnetic Dynabeads Protein A (Dynal). Kinase reactions were as-tion in the germline, in which it phosphorylates, and so
sembled in 20 	l directly on the beads in kinase buffer (250 mMstabilizes, OSK protein at the posterior pole of the oo-
HEPES, pH 7.4, 0.2 mM EDTA, 1% glycerol, 150 mM NaCl, 10 mMcyte to ensure its levels are high enough to specify the
MgCl2). Purified MBP:Raf fusion protein substrates were added togerm cells (Riechmann et al., 2002). Unlike PAR-1, 14-
2 	M. Reactions were initiated by addition of an ATP mix (1.5 	l vol
3-3 is not detectably enriched at the posterior, sug- 1 mM ATP, 0.5 	l -32P-ATP [10 mCi/ml]), and incubated at 30
C for
gesting that this function of the kinase might operate 25 min. Assays were terminated by addition of Laemmli sample
buffer, and analyzed by SDS-PAGE and autoradiography. Bacteriallyvia a 14-3-3-independent mechanism. C. elegans PAR-1
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expressed kinase was prepared as an MBP:PAR-1 (amino acids reflects anteroposterior polarity of the Drosophila oocyte. Curr. Biol.
4, 289–300.245–521) fusion protein.
Cox, D.N., Lu, B., Sun, T.Q., Williams, L.T., and Jan, Y.N. (2001a).
Drosophila Strains and Genetics Drosophila par-1 is required for oocyte differentiation and microtu-
We used the following mutant alleles and transgenic lines: 14-3- bule organization. Curr. Biol. 11, 75–87.
3 j2B10, 14-3-3E183K, 14-3-3 F199Y, Df(3R)P14 (a deficiency uncovering Cox, D.N., Seyfried, S.A., Jan, L.Y., and Jan, Y.N. (2001b). Bazooka
14-3-3) (Chang and Rubin, 1997), leoP1188 (Skoulakis and Davis, and atypical protein kinase C are required to regulate oocyte differ-
1996), par-1l(2)k06323, par-1W3, mat4-Tub:GFP:par-1(N1S) (Shulman et entiation in the Drosophila ovary. Proc. Natl. Acad. Sci. USA 98,
al., 2000), KZ32 Kin:LacZ (Clark et al., 1994), nanos-Gal4:VP16 (Van 14475–14480.
Doren et al., 1998), UASp:GFP:par-1(N1S) (Huynh et al., 2001b), and
Cullen, C.F., Deak, P., Glover, D.M., and Ohkura, H. (1999). minia Tub67CMatpolyA:Tau:GFP transgene (Micklem et al., 1997) that
spindles: a gene encoding a conserved microtubule-associated pro-had been transposed on to the X chromosome. Germline clones
tein required for the integrity of the mitotic spindle in Drosophila. J.were generated with the FLP/FRT technique using GFP or ovoD1
Cell Biol. 146, 1005–1018.clonal markers (Chou and Perrimon, 1996). 14-3-3j2B10 is a protein
de Cuevas, M., Lilly, M.A., and Spradling, A.C. (1997). Germline cystnull allele as judged by both immunostaining and Western analysis
formation in Drosophila. Annu. Rev. Genet. 31, 405–428.of homozygous mutant tissue (data not shown).
Drewes, G., Ebneth, A., Preuss, U., Mandelkow, E.M., and Mandel-
Tissue Stainings kow, E. (1997). MARK, a novel family of protein kinases that phos-
Tissue stainings were performed according to standard procedures. phorylate microtubule-associated proteins and trigger microtubule
Primary antibodies were diluted as follows: rabbit anti-14-3-3, disruption. Cell 89, 297–308.
1/100 (Tien et al., 1999); mouse anti-Orb (6H4, 4H8), 1/250 (Develop- Ephrussi, A., and Lehmann, R. (1992). Induction of germ cell forma-
mental Studies Hybridoma Bank, University of Iowa); rabbit anti- tion by oskar. Nature 358, 387–392.
MSPS, 1/500 (Cullen et al., 1999); mouse anti--Tub, 1/100 (Sigma);
Ephrussi, A., Dickinson, L.K., and Lehmann, R. (1991). Oskar orga-
rabbit anti-STAU, 1/500 (St Johnston et al., 1991); and mouse anti-
nizes the germ plasm and directs localization of the posterior deter-
-gal, 1/5000 (ICN Pharmaceuticals). Texas Red- and FITC-conju-
minant nanos. Cell 66, 37–50.
gated secondary antibodies (Molecular Probes) were used at 1/100.
Etemad-Moghadam, B., Guo, S., and Kemphues, K.J. (1995). Asym-To label MTs, we used FITC-conjugated mouse monoclonal anti-
metrically distributed PAR-3 protein contributes to cell polarity and-tubulin (Sigma), following the fixation and mounting protocols
spindle alignment in early C. elegans embryos. Cell 83, 743–752.described (Cha et al., 2001). In situ hybridizations were performed
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structure, function, and regulation. Annu. Rev. Pharmacol. Toxicol.heim). Rhodamine-conjugated phalloidin and OliGreen (Molecular
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